Hypercholesterolemia has been suggested to have direct negative effects on myocardial function due to increased reactive oxygen species (ROS) generation and increased myocyte death.
Introduction
Hypercholesterolemia is widely accepted as a significant risk factor for coronary artery disease.
However, more recently hypercholesterolemia has also been suggested to have direct negative effects on the myocardium itself, with several studies demonstrating increased myocardial injury and decreased cardiac function following ischemia/reperfusion (IR) injury in hypercholesterolemic animals (11, 20, 43, 49) . However, the molecular mechanisms by which chronically elevated cholesterol can detrimentally affect the cardiomyocyte have yet to be elucidated.
One potential mechanism by which hypercholesterolemia could induce cardiac myocyte dysfunction and death is through disruption of mitochondrial function. Many cardiotoxic stimuli lead to reactive oxygen species (ROS) generation and to Ca 2+ overload of the mitochondrial matrix, which causes the opening of a large, nonspecific channel in the inner mitochondrial membrane, an event described as the mitochondrial permeability transition (MPT). MPT dissipates the proton electrochemical gradient (Δψ m ), leading to ATP depletion, further ROS production, and swelling and rupture of the mitochondria, thus releasing pro-death proteins into the cytosol (2, 13, 56) . Therefore, it is not surprising that mitochondrial dysfunction has been shown to play an essential role in the pathogenesis of multiple cardiac diseases (1, 6, 24, 38, 42) .
Despite this, however, very little is known about the effects of hypercholesterolemia on cardiac mitochondrial function. Studies in non-cardiomyocyte cells have reported that oxidized LDL can suppress mitochondrial respiration and increase mitochondrial ROS production (4, 48, 51) . Moreover, liver mitochondria from LDL receptor-deficient mice exhibit increased ROS production and an enhanced MPT response (41) . Hypercholesterolemia has been shown to increase mtDNA damage in cardiac mitochondria (25, 36), suggestive of mitochondrial oxidative R-00841-2010 revision#2 4 stress. Given that hypercholesterolemia exacerbates IR injury, it is interesting that the MPT pore has been established as a critical mediator of myocardial IR injury (1, 6, 40) . Taken together, these data suggest that elevated cholesterol can adversely affect cardiac mitochondrial function, but this has yet to be formally tested.
It is well known that exercise improves cardiovascular disease risk factors (45, 54) .
Moreover, several studies have reported that exercise can induce changes in cardiac mitochondria that would be considered beneficial. For example, exercise has been shown to decrease ROS production (50) , increase mitochondrial-specific antioxidant proteins (12, 58) , and desensitize the MPT response (23, 34). However, these studies only examined the effects of exercise in healthy animals and whether exercise's beneficial actions on cardiac mitochondria can be recapitulated in diseased, e.g., hypercholesterolemic, animals has yet to be tested.
Moreover, it is unknown whether exercise can still favorably alter the cardiac mitochondrial phenotype in a more "human-relevant" large animal such as the pig, whether it be normal or diseased.
To this end, the objective of the present study was to examine whether hypercholesterolemia detrimentally altered cardiac mitochondrial function, and, if so, whether exercise could reverse these changes. Using a genetic swine model of familial hypercholesterolemia (FH), we found that cardiac mitochondria from hypercholesterolemic pigs exhibited an exacerbated MPT response to Ca 2+ . Moreover, this was associated with increased oxidative stress and decreased levels of mitochondrial antioxidant enzymes such as manganese superoxide dismutase (MnSOD), thioredoxin-2 (Trx2), and peroxiredoxin-3 (Prx3). However, chronic exercise normalized MPT responsiveness, attenuated oxidative stress, and restored MnSOD, Trx2, and Prx3 levels in the FH pigs.
Materials and Methods

Use of Animals
All experiments were approved by the University of Missouri-Columbia Animal Care and Use Committee and conformed to the NIH guidelines for the use and care of animals.
Porcine model of familial hypercholesterolemia
The Rapacz Familial Hypercholesterolemic (FH) model was developed at the University of Wisconsin by selective breeding (16, 17) . These swine are characterized by a single missense mutation in the LDL receptor that decreases its affinity for LDL resulting in elevated total cholesterol levels. Male familial hypercholesterolemic pigs were obtained from the University of Wisconsin Swine Research and Teaching Center. At 12 months of age the FH pigs were switched to a high fat chow (by weight 13% protein, 21.3% fat, 41.4% total carbohydrate) and fed on this diet for 4 months. We have found that this protocol yields greater homogeneity in the development of coronary atherosclerosis between animals than with the standard pig chow.
Control, normolipidemic (NL) animals were weight matched castrated male farm pigs fed standard pig chow (16.7% protein, 2.6% fat, 53.2% total carbohydrate). The plasma profiles for total cholesterol, LDL, HDL, and triglycerides for the NL and FH pigs are shown in Table 1 . All 4 indices were significantly elevated in the FH animals.
Exercise protocol
After 4 months on the high fat diet the FH pigs were switched to the standard diet and randomized to either a sedentary (FH-Sed, n=4) or exercise (FH-Ex, n=7) group. The FH-Ex group was trained for 4 months using an established progressive treadmill-based training R-00841-2010 revision#2 6 program similar to that described previously (19, 39, 57) . Briefly, the pigs were subjected to treadmill training 5 days/wk for 16wks. Having reached a plateau, training consisted of 5min warm-up at 2.5mph, 15min at 5-8mph, 60min endurance at 4-5mph, and a 5min cool down at 2.5mph (85min total). The FH-Sed group was aged alongside the FH-Ex animals but did not under go training. The plasma profiles for total cholesterol, LDL, HDL, and triglycerides in the FH pigs were not significantly altered by this exercise regimen ( Table 1 ). The NL control pigs (NL-Sed, n=4) were maintained in a sedentary state for the duration of the protocol. At the end of the protocol the animals in all 3 groups were sacrificed and the heart removed. Leftventricular tissue was excised and used for the mitochondrial and biochemical analyses.
Mitochondrial isolation and swelling
The isolation of cardiac mitochondrial and cytosolic fractions was carried out as previously described (1, 10) . Briefly, left-ventricular tissue was homogenized using a Dounce in homogenization buffer (250mM sucrose, 10mM Tris pH 7.4, and 1mM EDTA). The homogenate was centrifuged at 1000g for 5min to pellet the nuclei and unbroken cells/debris. The resultant supernatant was then centrifuged at 10,000g for 10min to pellet the mitochondria. The cytosolic fraction was then prepared by centrifuging the post-mitochondrial supernatant at 20,000g for 30 min. The mitochondrial pellet was then washed twice in EDTA-free homogenization buffer and resuspended in lysis buffer (150mM NaCl, 10mM Tris pH 7.4, 1mM EDTA, and 1% triton X-100). The yield of mitochondrial protein per gram of starting tissue was no different between the 3 groups (data not shown).
Mitochondrial swelling
Mitochondria were prepared as described above and then resuspended in swelling buffer (150mM KCl, 5mM KH 2 PO 4 , and 10mM Tris pH 7.4) to a final concentration of 0.25mg/mL.
Mitochondrial swelling, an index of permeability transition, was induced by the addition of CaCl 2 (10-100μM) and measured spectrophotometrically at 520nm (1, 10) . We confirmed that the MPT pore was responsible for the swelling response with 1μM of the MPT inhibitor cyclosporine-A (data not shown).
Western blotting
Mitochondrial and cytosolic proteins were resolved by SDS-PAGE using 10-15% acrylamide, transferred onto PVDF membranes, and blotted using the following commercial antibodies: ANT 
Antioxidant assays
Reduced glutathione (GSH) levels were determined in mitochondrial and cytosolic fractions using a commercially available luciferase-based assay from Promega. Mitochondrial and cytosolic SOD and catalase activities were also determined using commercially available assays from BioVision. All activities were then corrected for the protein concentration of each sample. R-00841-2010 revision#2 8 
Statistical analyses
Statistical significance was calculated by one-way ANOVA followed by Scheffe's post hoc test using StatPlus software. A P value of less than 0.05 was considered statistically significant.
Results
MPT response is enhanced in cardiac mitochondria from sedentary but not exercised FH pigs.
To assess whether the MPT response is exacerbated in hypercholesterolemic hearts, we isolated mitochondria from left-ventricular tissue from NL-Sed, FH-Sed, and FH-Ex pigs and subjected them to swelling. The starting absorbances at 520nm were not different between NL-Sed, FH- Despite this enhanced MPT reaction in the FH-Sed pigs, we actually observed decreases in the mitochondrial phosphate carrier (PiC) and cyclophilin-D (CypD), 2 putative components of the MPT pore, in the FH-Sed cardiac mitochondria compared to NL controls ( Fig. 2A and B) .
Moreover, the reductions in CypD and PiC were no longer observed in the mitochondria from the FH-Ex pigs ( Fig. 2A and B) . These changes would appear to be specific as the levels of another MPT protein, the adenine nucleotide translocase (ANT), were unaltered ( Fig. 2A and B) .
Other major mitochondrial proteins such as the voltage-dependent anion channel (VDAC), ATP synthase, and cytochrome-c oxidase were also unaffected in the FH pigs ( Fig. 2A) .
Cardiac mitochondrial oxidative stress is enhanced in sedentary but not exercised FH pigs.
One mechanism that would lead to increased sensitivity to MPT is elevated ROS (5, 14, 52) . To assess this we blotted the mitochondrial lysates from NL-Sed, FH-Sed and FH-Ex pig hearts for nitrotyrosine, a marker of oxidative stress. As shown in Fig. 3A , a greater degree of nitrotyrosylation of a specific band (~70kD) was observed in the FH-Sed mitochondria compared to the NL-Sed mitochondria. However, the nitrosylation of this protein band was significantly reduced to near normal levels in the FH-Ex mitochondria ( Fig. 3A and B) . We found no evidence of altered nitrotyrosylation in the cytosolic fractions of any of the groups (data not shown). As a second marker of oxidative stress we determined the levels of GSH in both the mitochondrial and cytosolic fractions of the 3 groups of hearts. GSH was significantly depleted in cardiac mitochondria from FH-Sed pigs when compared to the NL-Sed controls (Fig. 3C ). However, this decrease in GSH was no longer significant in the FH-Ex mitochondria, although a significant difference was also not observed with respect to the FH-Sed animals either (Fig. 3C ). There was no difference in cytosolic GSH levels between the 3 groups (Fig. 3C) .
Mitochondrial antioxidant capacity is impaired in sedentary but not exercised FH pigs.
To assess the mechanism behind the increase in mitochondrial oxidative stress in the FH-Sed hearts and the protection afforded by exercise, we next examined the levels and activities of various antioxidant proteins in the mitochondrial and cytosolic fractions of the NL-Sed, FH-Sed, and FH-Ex hearts. Blotting of mitochondrial lysates demonstrated profound decreases in the levels of the mitochondrial-specific antioxidant enzymes MnSOD, Trx2, and Prx3 in the FH-Sed hearts compared to the NL-Sed controls ( Fig. 4A and B) . In the FH-Ex group, however, Trx2 and Prx3 levels were no different from the NL-Sed mitochondria, and MnSOD expression was actually further increased ( Fig. 4A and B) . Mitochondrial catalase expression was not significantly different between the 3 groups ( Fig. 4A and B) . Somewhat surprisingly, given the R-00841-2010 revision#2 11 striking changes in protein levels, we found no significant alterations in SOD activity between the NL-Sed and FH-Sed mitochondria (Fig. 4C) . However, mitochondrial SOD activity was significantly elevated in the FH-Ex hearts (Fig. 4C) . Mitochondrial catalase activity was not significantly different between the 3 groups (Fig. 4C) .
We also analyzed the three main antioxidant enzymes in the cytosolic compartment of the NL-Sed, FH-Sed, and FH-Ex pig hearts, Cu/ZnSOD, catalase, and Prx1/2. Expression levels of Cu/ZnSOD were unaltered in either of the FH groups ( Fig. 5A and B) , as was cytosolic SOD activity ( Fig. 5C ). Cytosolic catalase expression and activity were elevated in the FH-Sed hearts, with both being returned to normal levels in the FH-Ex animals (Fig. 5A , B and C). Prx1/2 protein levels were significantly increased in the cytosolic fractions of the FH-Sed hearts and remained elevated in the FH-Ex hearts ( Fig. 5A and B) .
Discussion
The purpose of this study was to investigate the effects of hypercholesterolemia and aerobic exercise training on cardiac mitochondrial function in a swine model of FH. The major findings of this study are that FH enhances the MPT response, increases mitochondrial oxidative stress, and impairs the mitochondrial, but not the cytosolic, antioxidant system. Importantly, chronic exercise training rescues, for the most part, the increased oxidative stress, the MPT alterations, and impairment of the mitochondrial oxidant defenses associated with chronic hypercholesterolemia.
Although MPT has been studied in many other cardiac disease models (1, 6, 10, 24, 38, 42) , to the best of our knowledge our study is the first to examine the effects of chronic hypercholesterolemia on the MPT response in cardiac mitochondria. Previously, Oliveira et al (41) reported that liver mitochondria from mice lacking the LDL receptor exhibit an exacerbated MPT response to Ca 2+ ; however, they did not examine whether cardiac mitochondria exhibited the same phenotype. In the present study, we utilized pigs that have a missense mutation in the LDL receptor, which we would expect to phenocopy the LDL receptor-deficient mice. We did not observe any significant changes in the baseline absorbance between the sedentary NL and FH cardiac mitochondria, which would indicate that the FH-Sed mitochondria are not pre-swollen.
However, similar to the mitochondria from the LDL receptor knockout mice, we did observe a significant sensitization of the MPT response for any given concentration of Ca 2+ , suggesting that the threshold for MPT pore activation is substantially lowered in the cardiac mitochondria from the sedentary FH pigs. Thus, it would appear that while mitochondria are not actively undergoing (or have undergone) MPT per se in the FH-Sed hearts, they are "primed" such that any additional cardiac insult would result in a more robust MPT response and ultimately more R-00841-2010 revision#2 13 cardiac myocyte death. Such a paradigm would certainly explain why hypercholesterolemic hearts exhibit much greater infarct sizes following IR (11, 20, 43, 49) .
The simplest explanation for such a change in MPT responsiveness is that the expression levels of one or more components of the MPT pore are upregulated in cardiomyocytes from the FH-Sed pigs, as has been reported for hyperglycemia (33) and cardiac hypertrophy (35).
Interestingly, however, we found that the expression of the 2 main MPT pore components PiC and CypD was actually decreased in the mitochondria from sedentary hypercholesterolemic pigs, despite ANT, VDAC, ATP synthase, and cytochrome oxidase levels remaining unchanged. This would suggest that in an attempt to counteract the enhanced responsiveness of the MPT pore in the hypercholesterolemic state, the myocardium is actively reducing the levels of the pore's componentry.
The fact that the enhanced MPT response in the FH-Sed mitochondria appears to be independent of protein expression suggests that hypercholesterolemia is somehow enhancing the sensitivity of the MPT pore to Ca
2+
. In this regard, the most plausible scenario is one where oxidant levels are elevated, as oxidants have been well documented to decrease the threshold of activation of the MPT pore in response to Ca 2+ (5, 14, 52) . Specifically, ROS are believed to modify key thiol groups on the MPT pore (5, 13, 14) . This in turn may facilitate the effects of Ca 2+ by displacing adenine nucleotides, which inhibit the pore, from ANT (14) . Alternatively, oxidative stress can induce the translocation of the MPT regulator CypD to the inner membrane where it presumably interacts with the MPT pore (7). Several studies have reported increased incidence of oxidative stress in the hearts of hypercholesterolemic animals and humans (7, 21, 25, 36). Thus, we investigated whether the myocardial tissues of FH-Sed pigs showed any signs of increased oxidative stress compared to the normocholesterolemic controls. Indeed, western R-00841-2010 revision#2 14 blot analysis did show that FH-Sed hearts had significantly more protein nitrotyrosylation in the mitochondrial, but not the cytosolic fraction. Consistent with this finding we also observed a marked decrease in the levels of reduced glutathione in the FH-Sed mitochondria. Again, however, cytosolic GSH levels were not affected indicating that the oxidative stress was limited to the mitochondria of these hearts. Intriguingly, we only observed an increase in nitrotyrosylation of one single mitochondrial band at ~70kD. The exact nature of this protein(s) is currently unknown but it is interesting that Brookes and Darley-Usmar identified the 70kD glutamate dehydrogenase as a mitochondrial target of peroxynitrite-induced nitrotyrosylation (3).
Needless to say this is something we are currently pursuing using a proteomic approach. given the marked reduction in protein levels, but maybe due to sensitivity of the assay (see below). Interestingly, the expression of the cytosolic antioxidant enzymes catalase and Prx1/2 was increased in the hypercholesterolemic animals, and catalase activity was concomitantly R-00841-2010 revision#2 15 elevated. Most likely this is a mechanism by which the heart tries to compensate for the impairment of the mitochondrial antioxidant system. Thus, it would appear that chronic hypercholesterolemia appears to selectively destroy the mitochondrial oxidant defense system in cardiac myocytes, although the reasons as to why this selectivity occurs remain to be defined. The effect of exercise training on catalase expression and activity is especially controversial, with studies reporting either no changes (22, 59) or increases (30, 50) in catalase expression/activity. In the present study, the increases in catalase expression and activity seen in the cytosol from the sedentary FH hearts were seemingly paradoxically abrogated in the exercised hearts. However, this would further indicate that the responses observed in the FH-Sed animals are indeed a compensatory mechanism, such that the restoration of the mitochondrial antioxidant system by exercise and reduction in oxidative stress would mean that the cytosolic catalase would not have to be re-calibrated. Cytosolic Prx1/2 expression was not affected by exercise training, remaining elevated to the same extent as in the sedentary hearts. This would suggest that changes in Prx1/2 levels are a direct response to the chronic cholesterolemia, rather than a secondary response to the impairment of the mitochondrial antioxidants, and that they do not play a significant role in the mitoprotective effects of exercise.
It should be noted that exercise itself did not alter blood cholesterol and triglyceride levels in the FH pigs (as shown in Table 1 ), indicating that its beneficial effects were at the level of the cardiac myocyte and not simply a secondary response to an altered blood cholesterol profile. This is consistent with previous studies in either LDL-R or ApoE knockout mice, which showed no reduction in cholesterol levels with chronic exercise (46, 47) , and presumably is a reflection of the fact that the genetic lesion, i.e., LDL-R mutation, is still in place regardless of the activity state of the animal. Hence, it would appear that chronic exercise still exerts a "mitoprotective" effect in the hypercholesterolemic animal. This is significant, as it would imply that exercise could still exert an infarct-sparing effect in hypercholesterolemic animals, whereas other cardioprotective interventions such as pre and postconditioning are no longer effective in this context (21, 53, 55) .
Study Limitations
As with any study there are limitations that should be noted. First, during the exercise regimen the FH pigs, which were previously on a high-fat diet, were switched back to normal diet. The rationale for this was to mimic human clinical trials and the standard of care for patients with coronary heart disease, where exercise is initiated at the same time as diet is altered. However, this still leaves the question of whether exercise alone can still exert its beneficial effects independently of diet. Whether this is indeed the case is the subject of ongoing studies in our laboratory. The second limitation is that all the pigs used in this study were castrated, which in of self can influence cardiac function and susceptibility to cardiac disease. A third limitation is the SOD activity assay. Even though we observed a >70% decrease in MnSOD protein levels we did not see a significant drop in mitochondrial SOD activity. Although activity enhancing posttranslational modifcations cannot be ruled out at this juncture, it is most likely that the SOD assay was not sensitive enough to detect negative changes, i.e., our baseline activity in the NLSed mitochondria was just at the threshold of detection such that any decrease would not register.
Unfortunately, due to limits in our sample quantities we were not able to increase the amount of protein in each assay reaction.
Perspectives and Significance
While the detrimental effects of chronically elevated cholesterol are traditionally thought to primarily affect the vasculature, our data provide evidence that the underlying myocardium can also be profoundly affected, especially at the mitochondrial level. These findings provide a potential mechanism as to why hypercholesterolemic animals and patients suffer a greater myocardial infarct following coronary occlusion. Moreover, the fact that exercise can overcome these adverse mitochondrial changes suggests that it may be useful, cost-effective tool to protect the hypercholesterolemic myocardium. Indeed, the ACSM/AHA guidelines recommend at least 30 min of moderate intensity exercise 5 days per week with up to 90 min being recommended for additional benefits (www.acsm.org), an intensity/time level comparable to that undergone by the pigs in our present study. 
